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Non.invasive monitoring of blood volume during hemodialysis: Its
relation with post-dialytic dry weight. Hemodialysis has a profound
effect on fluid balance. Since fluid is initially withdrawn from the
intravascular compartment, blood volume will decrease rapidly. A fluid
shift (refill) from the overhydrated interstitium towards the intravascu-
lar compartment counteracts hypovolemia. Underestimation of post-
dialytic dry weight will cause interstitial dehydration and consequently
a low refill capacity. This can cause hypovolemia-induced hypotension,
a serious problem in the daily practice of hemodialysis: during one out
of three sessions a hypotensive episode occurs. Clinical criteria to
estimate post-dialytic dry weight are insensitive. We have developed
non-invasive methods to estimate dry weight and changes in blood
volume (BY) more accurately. The aim of this study was to investigate
the relation between hydration state of the patient and changes in BY
during treatment. Therefore, 37 hemodialysis patients were divided into
three groups according to their post-dialytic extracellular fluid volume
(EFV), which was measured by means of the non-invasive conductivity
method: de- (N = 11), normo- (N = 18), and overhydrated (N = 8).
Using an on-line optical reflection method, changes in BY were
measured continuously during hemodialysis. BY decrease, corrected
for ultrafiltration, was stronger in the dehydrated (4.4 1 .5%/liter) than
in the normohydrated (3.3 1.5%/liter) and overhydrated (2.7
1.9%/liter) groups. In the dehydrated group, the frequency of hypoten-
sive episodes (48.5 20.2%) was significantly greater compared to the
normohydrated (20.5 23.5%) or overhydrated (6.5 6.5%) group, P
<0.005. The seven hypotensive episodes that occurred in the course of
the study were all characterized by a lower BY at that moment, and a
greater reduction in BY during the 10 minutes preceding the event,
when compared with the data of 30 non-hypotensive controls at
comparable moments of time. These results suggest that continuous
monitoring of changes in BV will assist in the early detection of
hypovolemia, especially in dehydrated patients. Tissue hydration state
can be assessed by means of conductivity analysis and forms a main
factor in BV preservation.
Hypotension is a major complication of hemodialysis, its
genesis most likely being multifactorial. An important cause is
incorrect estimation of the post-dialytic dry weight of the
patient.
At the start of a hemodialysis session the intravascular
compartment is often expanded due to overhydration [1]. As
ultrafiltration fluid is withdrawn from the intravascular corn-
partment, the blood volume (BV) decrease during therapy can
amount to 20% and frequently leads to hypotension [2, 31.Refill
from the interstitium will partly compensate for this fall [4}.
Plasma refill capacity depends on several factors, such as
dialysate buffer, plasma osmolality [51, and tissue hydration
state [61. One of the major factors determining tissue hydration
state is the post-dialytic dry weight of a patient.
Ideal dry weight is defined as that weight at the end of a
dialysis treatment below which the patient, more often than not,
will develop symptoms of hypotension [71. When a patient's
post-dialytic dry weight is set below his/her ideal dry weight,
the chance of hypotension increases due to low refill capacity
induced by interstitial dehydration, that is, an abnormally low
content of fluid in the interstitium. An occurring hypovolemia-
induced hypotension is frequently seen at the end of a treatment
session. When post-dialytic dry weight is assessed above the
ideal dry weight the patient will have an abnormally high fluid
content of his interstitium and he will be exposed to the
potential hazards of overhydration, such as hypertension and
left ventricular hypertrophy. Since post-dialytic dehydration
and overhydration are unfavorable, and clinical criteria to
estimate dry weight, such as hypertension, peripheral edema
and pulmonary edema are insensitive [81, more accurate deter-
mination of dry weight is warranted.
The aim of the present study was twofold. First, we wanted
to obtain a more accurate estimation of post-dialytic dry weight
by means of a non-invasive method. Extracellular fluid volume
(EFV) was estimated at the end of therapy by means of the
tetrapolar conductivity technique, previously validated for this
purpose [9—11].
Secondly, we investigated the relationship between hydration
state of the patient's interstitium on one hand, and refill
capacity and the chance of hypovolemia on the, other. For this
purpose EFV was measured every hour by means of the
conductivity technique and BY was monitored continuously
using an optical reflection method [12, 13] The ultimate aim
was an early detection of hypovolemia in order to prevent
hypotension.
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Patients
Thirty-seven patients (16 men and 21 women) on mainte-
nance hemodialysis were admitted to the study. Their ages
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ranged from 31 to 79 years (mean 58.9 12.9) and they were on
dialysis treatment for 5 to 132 months (mean 48.3 34.1). None
of the patients could be classified as cardiovascularly unstable
and none suffered from diabetes. For 25% of the studied
patients anti-hypertensive medication was prescribed. How-
ever, none of them took this medication on the day of treat-
ment. All patients were at their dry weight after dialysis
according to clinical criteria (blood pressure, pulse rate, central
venous pressure, peripheral edema and pulmonary edema)
assessed by their own doctors. Patients were dialyzed for four
hours three times weekly with Cuprophane dialyzers (ST25,
Baxter, Round Lake, Illinois, USA). Blood flow (200 mI/mm),
dialysate flow (500 mLfmin) and delivery system (Monitral SC,
Hospal, Medolla, Italy) were the same in all patients. Ultrafil-
tration rate was kept constant during treatment. The dialysate
was bicarbonate-buffered and contained 141 mmol/liters so-
dium.
Supine blood pressure, pulse rate and body weight were
recorded before and after treatment. During therapy the blood
pressure and pulse rate were recorded every half hour. Com-
plaints during treatment were registered, as well as frequency
and severity of hypotensive episodes. Hypotension was defined
as a drop in systolic blood pressure of more than 30 mm Hg and
to a value lower than 90 mm Hg. Treatment of hypotension
consisted of temporary cessation of ultrafiltration and i.v.
infusion of 100 ml isotonic saline over one minute.
To gain insight into the physiology of refill, the following
variables were measured during dialysis: (1) EFV each hour by
means of conductivity measurements; and (2) BY continuously
by means of an on-line optical reflection method.
Non-invasive conductivity measurements
To calculate EFV, four circumferential electrodes (Sanofi
Sante, Maassluis, The Netherlands) were placed around the
lower limb.
The outer two electrodes were connected to a current gener-
ator that led a 1 mA alternating current through the tissue. The
inner two electrodes were used to measure the conductivity of
the intermediate tissue. The most distal electrode was placed at
a distance of 5 cm from the medial malleolus, and the most
proximal one was at a distance of 25 cm from the same point.
The distance between the current electrodes and their neigh-
boring measuring electrodes was 2.5 cm. The advantage of the
use of circumferential electrodes is a homogeneous electrical
field distribution.
The conductivity of the tissue in between the inner two
electrodes for an alternating current with a frequency of 3 kHz
was measured with a multi-frequency conductivity analyzer
built in our own laboratory. This conductivity value can be
translated to EFY [9, 101 and, although measured at the lower
leg, is representative for whole body conductivity [14]. At the
end of each minute, an EFV value was calculated and shown at
the display of the conductivity analyzer. The whole measure-
ment is non-invasive for the patient and very simple to be
performed.
Post-dialytic EFV (PD EFV) was calculated immediately
after treatment was ended. In the four hours following hemo-
dialysis, EFY may decrease but not more than 1.5% [9]. The
obtained PD EFV-value represents the post-dialytic hydration
state of the interstitium [10]. Earlier investigation has proven
that low PD EFV, in comparison to healthy volunteers, is
compatible to underestimation of patient's dry weight and, in
that way, to interstitial dehydration. High PD EFV is compat-
ible to overestimation of dry weight and, therefore, interstitial
overhydration [11].
Thus, a PD EFY value lower than 80% of the mean value in
healthy volunteers is considered as dehydration, and a PD EFV
value higher than 120% as overhydration. Kouw et al showed
that based on PD EFY values division of hemodialysis patients
into three groups correlated with the hemodynamic differences
between these groups [11].
In vivo validation of the conductivity method under static
circumstances was performed using isotopic tracers [15]. Under
dynamic circumstances the method was also validated by
measuring changes in EFV due to removal of predictable
amounts of fluid after administration of frusemide and during
renal replacement therapy [16]. The coefficient of variance of
the calculation of EFV was 4% [10].
On-line optical reflection method
The principle of this method is based on the reflection of
infrared light by erythrocyte membranes. The total amount of
erythrocytes has been found to remain constant during dialysis,
provided no bleeding occurs [17]. So, changes in erythrocyte
concentration reflect changes in By, and there is a reciprocal
relation between these two variables. The amount of reflected
infrared light is directly proportional to the erythrocyte concen-
tration and in that way it provides information about changes in
the amount of circulating BY continuously [13].
The optical monitor (Sanofi Sante, Maassluis, The Nether-
lands, and Akern, Florence, Italy) was clipped onto the arterial
blood line of the extracorporeal blood circuit. The monitor
consisted of two parts: a photodiode and a phototransistor [12].
Both were fixed in a polished black perspex insert to exclude
disturbance by daylight. The diode and the transistor were
placed side by side with their axes parallel within the optical
monitor. The photodiode had a peak spectral output of 950 nm.
At this wavelength the absorption coefficients of the major
absorbing components of blood, being hemoglobin and oxyhe-
moglobin, were equal [18]. The optical monitor was connected
to a hand-held computer. The coefficient of variance of a
measurement was 1%.
Post-dialytic EFV was the basis for division of the 37 patients
into three groups, dehydrated (D), normohydrated (N) and
overhydrated (0), for further analysis.
One way analysis of variance was used to investigate differ-
ences between the D, N and 0 groups. A P value of less than
0.05 was considered significant. All data are provided as means
standard deviations.
Results
Based on non-invasive conductivity measurements, patients
were divided into three groups regarding their postdialytic
EFV. Characteristics of these groups are given in Table 1. As
shown in Table 2, post-dialytic EFV of the three groups differed
significantly (P < 0.001).
To gain insight into the relation of post-dialytic EFV and
clinical criteria for hydration state, the percentage hemodialysis
sessions in which hypotension occurred was calculated for each
patient, using data of the 20 dialysis sessions preceding the EFV
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Table 1. Characteristics of the over- (0), normo- (N) and dehydrated
(D) patients
D N 0
Men 4 12 5
Women 7 6 3
Age years 52.5 10.6 59.1 11.2 67.4 14.4
Dialysis history months 40.1 23.5 37.8 24.0 35.3 19.1
Dialysis time mm 221 14 230 11 225 13
Table 2. Fluid and hemodynamic data of the de- (D), normo- (N),
and overhydrated (0) groups
D N 0 Pvalue
PD EFV % 74 7 97 11 132 19 <0.001
PrD EFV % 103 11 123 11 152 26 <0.001
Hypotension" % 48.5 20.2 20.5 23.5 6.5 6.5 <0.005
UF liter 3.34 0.48 2.84 0.96 3.20 1.20 NS
dBVC % 15.0 5.7 10.3 5.8 8.0 5.3 <0.05
dBV/UFC %/liter 4.4 1.5 3.3 1.5 2.7 1.9 NS
PrD MAP 97.6 14.7 106 12.1 107 9.5 NS
mm Hg
PD MAP 75.2 19.3 93.6 13.5 94.7 8.2 <0.005
mm Hg
a Compared to healthy volunteers
b During the previous 20 dialysis sessions
C From the start of treatment until the end
measurement. Contemplating these data, most conspicuous is
the high percentage of hypotensive episodes in group D (48.5
20.2%). The ultrafiltration volume did not differ significantly
between the groups. The drop in BV and blood pressure was
higher in the D group.
During the studied dialysis sessions four (36%) hypotensive
episodes occurred in group D versus three (17%) in group N and
none in group 0. BV decrease in intervals of 15, 10 and 5
minutes preceding the seven hypotensive episodes was calcu-
lated on the base of the reflection method. Corrected for UF,
the BV decrease in these time intervals preceding hypotension
was significantly higher compared to BV decrease in the 30
non-hypotensive controls during a corresponding time interval
(Table 3).
As shown in Table 4, the BY decrease which was corrected
for UF volume from the start of treatment until the moment of
hypotension was significantly higher compared to the control
group (P < 0.001). The mean BY decrease calculated for the
whole treatment was identical.
Discussion
In this study the relevance of non-invasive conductivity
measurements combined with non-invasive on-line BY moni-
toring in the clinical practice of hemodialysis is shown.
By means of the conductivity technique, 37 clinically normo-
hydrated dialysis patients were divided into three groups (de-,
normo- and overhydrated) regarding their post-dialytic EFV.
Retrospectively, in the group of post-dialytically dehydrated
patients, the frequency of intradialytic hypotension was found
to be significantly higher than in the normo- and overhydrated
groups. In the mean time the BY decrease during hemodialysis
was higher. Both phenomena indicate that the conductivity
technique seems to detect hydration state of the patient more
Table 3. Comparison of BV decrease divided by UF volume during







15 2.55 3.34 6.69 3.67a
10 2.45 3.61 6.81 4.5o
5 2.89 4.30 7.00 532b
a i' < 0.005
bp < 0.025
Table 4. Clinical characteristics of hemodialysis sessions with (H) or
without (non-H) hypotension
H non-H P value
Mean dBV/UF %/liter 3.46 0.63 3.51 1.94 NS
Hypo dBV/UF" %/liter 5.92 1.10 2.81 2.54 <0.001
PD MAP mm Hg 75.1 5.8 90.8 14.8 <0.005
Hypo MAF mm Hg 60.1 11.4 94.4 13.7 <0.001
a From the start of treatment until the end
l, From the start of treatment until the moment of hypotension (H) or
the corresponding time interval (non-H)
C At the moment of hypotension
accurately than clinical parameters do. Before hemodialysis
58% of the 37 patients appeared to be overhydrated according
to the pre-dialytic EFY values. This corresponded in all cases
with clinical criteria.
In daily practice of hemodialysis, hypotension is often seen in
patients with high intake of fluid during the interdialytic period.
Due to the high UF rate needed, refill from the interstitium may
fail, consequently leading to hypotension. Therefore, in this
study population no patients with excessive interdialytic weight
gain were incorporated.
During hemodialysis the amount of blood volume depends on
two processes: ultrafiltration and refill; The process of refill is
slow and is still going on at the end of, and even after treatment
[19]. As refill capacity is related to the hydration state of the
interstitium [51, it is not surprising that most of the hypotensive
episodes occur during the second part of therapy, when the
interstitium has lost most of its superfluous fluid. In our study
the seven hypotensive episodes occurred 150 32 minutes after
start of dialysis therapy.
The reduction in BY during hemodialysis was greater in the
dehydrated group compared to the normo- and overhydrated
groups. This can be caused by a lower refill capacity due to
underestimation of post-dialytic dry weight. From this fact, and
from the good correlation (r = 0.68; P < 0.005) between the
percentages of BY and EFY at the end of treatment (as a
percentage of the mean value in normal volunteers), it can be
concluded that the change in BY during treatment is another
reliable variable in the determination of post-dialytic dry
weight.
To prevent hypovolemia-induced hypotension, rapid BY
changes during dialytic therapy have to be considered. During
seven hemodialysis sessions a hypotensive episode occurred.
The BY decrease during these sessions was significantly higher
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in the 5, 10 and 15 minute intervals preceding the event
compared to the BV decrease of a group of controls without
hypotension.
Data as shown in Table 3 and 4 suggest that interstitial refill
is failing from the start of treatment in the group of hemodialysis
patients who develop hypotension. Compared to hypotension-
free sessions, BV decreased significantly stronger from the start
of treatment until the moment of hypotension. Not merely the
speed of BV decrease, but the remaining BV level seems to
determine the chance of hypotension. The use of the optical
reflection method provides a continuous calculation of BY,
which may assist in the prevention of a patient crossing his
critical remaining BY level.
No difference was found in BV decrease corrected for
ultrafiltration at the end of the seven sessions complicated by
hypotension compared to the BY decrease in the control group.
Due to a decrease in ultrafiltration rate and infusion of 100 ml
isotonic saline, intravascular volume appeared to be restored to
nearly normal values again in 5 to 10 minutes.
It can be concluded that the non-invasive conductivity mea-
surement of extracellular fluid volume can be used to determine
post-dialytic dry weight more accurately than clinical parame-
ters. Interstitial dehydration caused by underestimation of
post-dialytic dry weight can induce low refill capacity and,
therefore, an enhanced chance of hypotension. Thus, dehy-
drated patients are more prone to suffer from intra-dialytic
hypotensive episodes at a given UF rate than normo- and
overhydrated patients.
Continuous measurement of changes in BV by means of the
optical reflection method can be used to detect hypovolemia
early. Whether this reflection technique can be used to prevent
hypovolemia-induced hypotension will be subject of ensuing
studies.
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